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Chapter 1 Introduction 
1.1 The definition of bulk metallic glasses (BMGs) 
Bulk metallic glasses (BMGs) are the alloys without crystals or noncrystalline alloys. 
In BMGs, the microstructure is so-called amorphous state, referring to the long-range 
disordered structures between atoms inside a material. The amorphous materials can be 
produced by non-crystalized cooling from melting state or vapor deposition, mechanical 
alloying methods, etc. To date, the amorphous materials occupy a large proportion in 
nature materials, from conventional oxide glass to amorphous semi-conductor, then to 
amorphous metals or bulk metallic glasses. The amorphous materials have been very 
important engineering materials to support the modern economy, as well as economic 
and social developments. Besides the daily-used glassy materials, in high-tech fields, 
amorphous materials have been also applied a lot to optical communication, laser 
technology, new solar battery, power transmission materials and so on. 
Unlike the conventional oxide glasses, the amorphous alloys or metallic glasses 
possess metallic bond between atoms instead of covalent bond. Thus, the characteristics 
related with metals are maintained, such as opacity, good toughness, etc. We can say the 
amorphous structure is faultless for the lack of dislocations or grain boundaries. We can 
also say the amorphous structure or random-arranged structure is full of defects because 
you can find no periodicity in it. 
Even though both amorphous alloys and bulk metallic glasses are noncrystalline 
materials, which are obtained from rapid cooling from liquid state, hindering the 
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crystallization kinetics [1]. The high rate of heat transfer required to prevent 
crystallization often limits these noncrystalline materials to thin samples or 
ribbon-shaped samples. These noncrystalline materials are called amorphous alloys. 
Recently, bulk metallic glasses with slower nucleation kinetics in undercooled liquids 




 K/s [2-6]. The 
critical size can be larger than 1 mm rods; these “bulk” noncrystalline alloys are called 
bulk metallic glasses. Figure 1.1 illustrates the conditions for processing both the more 
recently developed bulk amorphous alloys as well as traditional metallic glass alloys 
developed before 1990 [4]. The plot correlating critical cooling rate and maximum 
sample thickness as a function of the reduced glass transition temperature (Tg/Tm) 
shows a clear tendency for the glass-forming ability to increase with increasing Tg/Tm, 
as such these alloys have lower critical cooling rates and larger possible bulk 
cross-sectional dimensions. 
The criteria [7–10] for slow crystallization kinetics, a stabilized supercooled liquid, 
and high glass-forming ability, resulting in the formation of bulk metallic glasses, have 
been shown to include:  
(1) Multi-component alloys of increased complexity and size of crystal unit cells such 
that the energetic advantage of an ordered structure is reduced by increasing the 
configurational entropy of the supercooled liquid phases  
(2) Atomic radius mismatch between elements, which leads to higher packing density 
and smaller free volume, requiring a greater volume increase for crystallization, as 
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well as limiting the solubility of these atoms in crystalline states  
(3) Negative heat of mixing between the elements, which increases the energy barrier 
at the solid–liquid interface and accelerates atomic diffusivity, thus slowing local 
atomic rearrangements and crystal nucleation rate, thereby extending the 
supercooled liquid temperature 
(4) Alloy composition close to deep eutectic, which forms a liquid stable at low 
temperatures that can freeze into the glassy state.  
1.2 Development of bulk metallic glasses (BMGs) 
If we define that rods with diameter larger than millimeters as bulk metallic glasses, 
then the first successive fabrication of millimeter-scale amorphous rods was done by 
Chen et al. in 1974 using Pd-Cu-Si alloys under 10
3
 K/s cooling rate[11]. One year later, 
they found another two kinds of amorphous alloys in Pt-Ni-P and Au-Si-Ge alloy 
systems [12]. However, for the high price of Pd, Pt and Au, people’s interest on bulk 
metallic glass was restricted to academic research. 
  In 1990s, A. Inoue group had successfully discovered new multicomponent alloy 
systems using ordinary elements which can fabricate bulk metallic glass at low cooling 
rate. After systemic research on the glass-forming ability of ternary alloys including Al 
and transition elements, they found in La-Al-Ni and La-Al-Cu alloy system [13], very 
good glass-forming ability can be obtained. They fabricated bulk rods with several 
millimeters in diameter by water-cooled copper mold casting method. Based on this 
work, they developed La-Al-Cu-Ni and La-Al-Cu-Ni-Co bulk metallic glasses which 
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can be fabricated into rods with several centimeters in diameter by casting at cooling 
rate about 100 K/s [14]. At the same time, they also developed Zr-Al-Ni-Cu alloy 
system with high glass-forming ability, good thermal stability and increased the critical 
thickness of amorphous materials to 30 mm, among which the supercooled liquid region 
of Zr65Al7.5Ni10Cu17.5 was larger than 127 K [15]. 
  The work of A. Inoue has opened a new way to design amorphous alloy systems to 
fabricate bulk metallic glasses. From 1990s, people’s attraction had forced on the 
research of amorphous materials again. More and more material scientists and physicist 
were doing this research. Till now, many alloy systems including Pd-, Mg-, La-, Zr-, Ti-, 
Fe-, Co-, Ni-, Cu-, Nd-, Pr-, Ce-, Pt-based alloy systems have been developed with 
critical diameter larger than millimeters. In 1997, Inoue group researched on 
Pd40Ni40P20 alloys again, they replaced 30% Ni by Cu to increase the critical thickness 
to 75 mm and developed the best alloy system with highest glass-forming ability [16].  
  From 2000, the research on bulk metallic glasses has a great progress. In 2000, Inoue 
group developed high strength Cu-Zr-Hf-Ti and Co-Fe-Ta-B bulk metallic glasses 
[17,18]. In Table 1.1, we list typical bulk metallic glass (BMG) alloy systems and first 
reported years. Apparently, the researches on BMGs started with noble metals such as 
Pd and Pt, then moved to cheaper Mg-, Zr-, Ti-, Ni-based BMGs, then to much cheaper 
Fe-, Cu-based BMGs. Among many kinds of alloy systems, different alloy compositions 
with different glass-forming ability have been developed [19-32]. 
1.3 Properties of bulk metallic glasses (BMGs) 
5 
 
  The research and developments of BMGs indicate that compared with traditional 
crystalline materials, BMGs have an advantage in usability. The main points are as 
follows: 
(1) Better mechanical properties such as high yielding strength, large elastic strain limit, 
mainly perfect elasticity before yielding, mainly perfect plasticity after yielding, no 
work hardening, high fatigue resistance and high abrasive resistance. With the 
developments of BMGs, the ultimate strength of metallic materials is renewed 
again and again. The strength of Mg-based BMGs has increased from 600 MPa to 
800 MPa [17]. The strength of Cu-based BMGs is over 2000 MPa [18]. Especially 
for Co-Fe-Ta-B alloy, the strength is over 5000 MPa [18], which sets up a record in 
natural world. Figure 1.2 summarizes the relations between fracture toughness and 
elastic limit for metals, alloys, ceramic, glasses, polymers and metallic glasses. The 
metallic glasses are found to possess both high elastic limit and fracture toughness, 
making them good candidates as structure materials [33]. 
(2) Good processability. Near glass transition temperature (Tg), the elongation of 
La-Al-Ni BMGs can be 15000 % [22]. Other BMGs also show super-plasticity to 
varying degrees, thus according to different application, BMGs can be 
manufactured into micro- or nano-level by machining deformation. 
(3) Better corrosion resistance against many kinds of medium. The corrosion resistance 
of Fe-Cr-Mo-B-P BMGs is 10000 times higher than conventional stainless steel and 
can be used in much severed environments [34]. 
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(4) Good physical properties such as soft and hard magnetism, unique expansive 
quantity. For example, the saturation magnetization of Fe-based amorphous alloys 
can be over 1.5 T and coercivity is lower than 1 A/m
2
 [35]. When some BMGs are 
annealed to form nanocrystalline alloys, better soft or hard magnetism can be 
obtained, which are considered as excellent substitute for conventional materials. 
For the better physical, chemical, mechanical properties and precision shaping 
abilities of BMGs than conventional materials, BMGs have shown important 
application value in aerospace device, precision machine, information technology and 
so on. The researches of BMGs have attracted a lot of attentions from physical, 
chemical and material scientists. 
1.4 Deformation mechanism of bulk metallic glasses (BMGs) 
Because of the metallic bonding in amorphous alloys, strain can be accommodated at 
the atomic level through changes in neighborhood; atomic bonds can be broken and 
reformed at the atomic scale. However, unlike crystalline metals and alloys, metallic 
glasses do not exhibit long-range translational symmetry. Thus, the deformation 
mechanisms such as dislocations, which allow changes in atomic neighborhood at low 
energies or stresses, do not exist in metallic glasses. The local rearrangement of atoms 
in metallic glasses is a relatively high-energy or high-stress process. The exact nature of 
local atomic motion in deforming metallic glasses is not fully understood, although 
there is general consensus that the fundamental unit must be a local rearrangement of 
atoms accommodating the shear strain. An example of such a local rearrangement is 
7 
 
depicted in the two-dimensional schematic of Fig. 1.3, originally proposed by Argon 
and Kuo [36] on the basis of an atomic-analog bubble-raft model, called  a ‘‘shear 
transformation zone’’ (STZ) [37–40]. The STZ is essentially a local cluster of atoms that 
undergoes an inelastic shear distortion from one relatively low energy configuration to a 
second such configuration, crossing an activated configuration of higher energy and 
volume. The STZs are common to deformation of all amorphous metals, although 
details of the structure, size and energy scales of STZs may vary from one glass to the 
other. In a metallic glass body experiencing uniform stress, the STZ that is activated 
first is selected from among many potential sites on the basis of energetics, which vary 
with the local atomic arrangements [41-43]. The continued propagation of the applied 
shear strain occurs when one STZ creates a localized distortion of the surrounding 
material, which triggers the formation of large planar bands of STZs along the 
maximum shear stress plane, or so-called ‘‘shear bands”, as shown in Fig. 1.4. For most 
BMGs, the deformation occurs in homogeneous through plastic strains concentrated in 
localized shear bands at room temperature. Once a shear band initiates, the propagation 
of it can be very fast (~1000 m/s), thus, the BMGs fracture catastrophically after elastic 
deformation, as shown in Fig. 1.5 [44]. Therefore, the room-temperature brittleness, 
especially under the uniaxial compression or tention, has been one fatal problem for the 
wide application of BMGs. 
1.5 Bulk metallic glass matrix composites (BMGMCs) 
To overcome the limited ductility of bulk metallic glasses, the concept of developing 
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a heterogeneous microstructure by combining a glassy matrix with second phase 
particles with a different length scale has been used [45-48]. It was observed that 
composite microstructures containing crystalline phases show better performance under 
mechanical stress than monolithic glasses. Two types of composites have been explored: 
intrinsic composites, in which the reinforcement phase is formed in situ, and extrinsic 
composites, where reinforcements (particles or wires) are added ex situ. 
1.5.1 Extrinsically-formed composites (Ex-situ BMGMCs) 
Ex-situ BMGMCs with reinforcement particles or wires have been investigated to 
understand options for improving the properties of the monolithic BMGs. The 
alternative procedure to produce ex-situ BMG-composites is to mix insoluble second 
phase particles into the glass-forming melt before solidification. It has been successfully 
tried to reinforce metallic glasses by the addition of particles [49,50], 
continuous/discontinuous fibers[51,52] or wires [51]. Toughness of bulk metallic 
glasses can be increased by addition of reinforcement particles, with careful selection of 
appropriate volume fraction and size of reinforcements, and consideration for a strong 
interface between particles and matrix. Compression tests performed on Vitreloy 
106-particulate (WC, W, Ta) composites have shown plastic elongation of 3–7%, as can 
be seen in Fig. 1.6. Pure Vitreloy 106 fails following propagation of the first shear band, 
but with presence of W particles, the failed composite has rims on its edges and a 
fracture surface similar to that observed in ductile materials. The changes in the fracture 
surface, in addition to the increase in plastic strain to failure, have suggested that the 
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addition of particles increases the fracture toughness of the BMGs [53]. There are two 
factors contributing to the increase in toughness: (i) the restriction that the particles 
place on the propagating shear band, causing it to slow and change direction, and (ii) an 
increase in the surface area over which the fracture occurs 
[54]. The critical shear stress for shear band formation is larger in the composite than in 
the monolithic glass because the particle/matrix interaction provides an additional 
restraint.   
However, the reinforcements need to have limited reactivity with the BMG matrix 
[55]. The surface area of reinforcements is also an important consideration since 
heterogeneous sites for nucleation of detrimental phases increase with surface area. 
Another consideration for the reinforcement is the coefficient of thermal expansion 
(CTE) [55] since its mismatch with the matrix phase can induce additional stresses in 
the composite during processing. 
Even though the ex-situ composites can be synthesized by many amorphous systems, 
but the limited size range of dispersed particles and the adhesion of interface between 
the particles and matrix are two main problems.  
1.5.2 Intrinsically-formed composites (In-situ BMGCs) 
In-situ BMG-composites can be achieved during solidification under appropriate 
conditions when choosing a suitable chemical composition of the alloy. However, the 
alloy composition and additionally the cooling rate govern the morphology and the 
shape of the precipitates as well as their distribution and volume fraction [56-60]. Only 
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when the metastable precipitates are stabilized against the liquid configuration, a 
BMG-composite can form upon quenching of the melt. So far, nanometer-size or 
micrometer-size crystalline, quasicrystalline and amorphous phase reinforced 
BMG-composites have been obtained [61]. These different composites are sketched in 
Fig.1.7. Yet, in order to enhance the plastic deformability of the BMGs, the formation of 
intermetallics that are intrinsically brittle must be avoided [62]. The crystallization 
process in Zr-based BMGs often produces Zr2M-type (M = Cu, Ni) nanocrystalline 
intermetallic compounds. In such cases, the ductility of the composite cannot be further 
enhanced with respect to that of the monolithic BMG [63].  
The effect of in-situ formed reinforcement phases in BMG-composites is succinctly 
summarized in Fig. 1.8, which compares microstructural characteristics and resulting 
mechanical properties of Zr-based BMG-composites from the work of Inoue et al. [64]. 
The reinforcement phase structures include nano-scale compound particles, 
nano-quasicrystalline particles, and α-Zr or β-Zr phases in volume fractions of 20–90%. 
In general, composites containing nano-scale compound or quasicrystalline particles 
exhibit higher strength and larger elongation than the monolithic glass. For example, the 
BMG with 20–30 vol.% of about 5 nm size compound particles have flexural strength 
of 4400 MPa, about 2.2 times higher than the single phase amorphous alloys [64].  
A lot of researches show that finer dispersion of the precipitates can be obtained by 
in-situ method. The bonding strength between the precipitate and the matrix is also 
higher for the in-situ BMGMCs than the ex-situ BMGMCs. Therefore, the in-situ 
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BMGMCs always show better mechanical properties than the ex-situ ones. However, 
the in-situ process to fabricate in-situ BMGMCs is difficult to design and thus the 
researches on in-situ BMGMCs are very limited. 
1.6 Mg-based BMGs and their composites (BMGMCs) 
To date, the bulk metallic glasses can be fabricated in a lot of alloy systems, such as 
Zr-based, Pd-based, Pt-based, etc. Among all these kinds of BMGs, Mg-based BMGs 
have attracted a lot of interest recently. Among all kinds of structural metals, 
magnesium possesses the lowest density, ~1.738 g/cm
3
. Compared with other metallic 
structural materials, magnesium and its alloys show high specific strength, shock 
absorption, electromagnetic shielding properties as well as low cost, making them 
important materials used in automobile industry, aerospace ship, electronic industry and 
so on. The magnesium alloys have been recognized as the third metallic structural 
materials after steels and aluminum alloys, as well as the green engineering materials in 
21
st
 century.  
Since the first Mg-based BMG was discovered about 20 years ago, many kinds of 
Mg-based BMGs have been developed, from starting Mg-TM-RE (TM = Cu, Ni; RE = 
Ce, La, Y, Nd) [65-68], to Mg-Cu-Y-M (M = Al,Ag,Zn,Gd) quaternary alloys [69-71]. 
Table 1.2 summaries the composition and thermal stability for typical Mg-based BMGs. 
Mg-based BMGs have much better mechanical properties than Mg-based crystalline 
alloys. For example, the compressive strength for Mg-Cu-Zn-Y BMG is about 880 MPa 
[73], 3 times higher than crystalline counterpart. The densities for Mg-based BMGs are 
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very low, making the specific strength of them very high, indicating wide-spread utility 
potentials of Mg-based BMGs. 
However, like other kinds of BMGs, the room-temperature-brittleness is also very 
important problem for Mg-based BMGs. In fact, a lot of researches show that the 
fracture toughness of Mg-based BMGs are very low, ~ a few MPa•m
–1/2
, similar to that 
of brittle ceramics, making them the most brittle BMGs [69,73]. Therefore, Mg-based 
BMG matrix composites (BMGMCs) have been developed. But the researches on this 
kind of BMGMCs are focused on ex-situ method because it is very difficult to design 
the precipitates and fabrication process for in-situ methods. For example, Xu et al. 
added 10 vol.% SiC and 15 vol.% TiB2 ceramic particles into a Mg-Cu-Zn-Y glassy 
matrix to fabricate the ex-situ BMGMCs. They found that the fracture strength during 
compression was increased for these composites, from 800 MPa to 1100 MPa. But the 
plasticity was not improved so much, less than 1% plastic strain was obtained for the 
composites, as shown in Fig. 1.9 [74]. For those limited in-situ Mg-based BMGMCs, it 
is also more difficult to induce plasticity than other kinds of BMG matrix, such as 
Zr-based, etc. For example, Ma et al. have successfully fabricated in-situ Fe reinforced 
Mg-Zn-Cu-Y-Ag-Ni BMGMCs by doping 13 at.% Fe. Although the distribution and 
size of those in-situ Fe particles are homogeneous and fine, respectively, but still only 
less than 1% plasticity was obtained, as shown in Fig. 1.10 [75]. All these researches 
show that for Mg-based BMGMCs, the plasticity is more difficult to be induced than 




1.7 Shape memory alloy reinforcement  
It is well established that martensitic transformations induced by the stress fields at a 
crack tip can act to toughen ceramics [76]. The volume change accompanying the 
transformation acts to reduce the stress concentration at the crack tip. A prominent 
example is in suitably stabilized zirconia, where the metastable tetragonal phase 
transforms to a monoclinic phase. The transformation of metastable austenite (γ) to 
body-centered tetragonal martensite (α’) is the basis for TRIP (transformation-induced 
plasticity) steels [77,78]. It is of obvious interest to exploit such toughening 
transformations in crystalline phases embedded in metallic-glass matrices.    
This kind of researches has been mostly succeeded in (Cu,Zr)-based systems. Pauly 
et al. [79] found that (Cu0.5Zr0.5)100-xAlx BMGs under tensile deformation can form 
nanocrystals of the cubic B2-phase CuZr. This phase can undergo a stress-induced 
martensitic transformation analogous to that of the well-known shape-memory alloy 
Nitinol (NiTi). The B2 nanocrystals within the tension-tested BMGs show a 
transformation to monoclinic B19’-martensite. The volume increase accompanying the 
martensitic transformation may play a toughening role. In a similar as-cast BMG 
(Zr48Cu47.5Co0.5Al4), Wu et al. [80] found the B2-CuZr phase as 0.1-mm-diameter 
crystals and as nanocrystals (Fig. 1.11), both of which transformed to B19’ under tensile 
deformation (Fig. 1.12). The BMG showed a total tensile ductility of ~7% (Fig. 1.13). 
Importantly, Wu et al. showed that the B2-phase is softer than the glassy matrix, while 
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the B19’-phase is harder, clearly providing a mechanism for work-hardening. As 
emphasized by Hofmann [81], this hardening stabilizes tensile specimens against 
necking in a way that does not seem to operate so successfully in the β-phase of the 
dendritic composites, which show necking soon after plastic flow begins (Fig. 1.14). 
With such notable results, it is of interest to explore how the microstructure of 
BMG-composites with the B2-phase might be optimized. This has been attempted by 
Liu et al. [82], who showed that remelting treatments of Cu47.5Zr47.5Al5 give more 
uniform size and spatial distributions of crystallites (Fig. 1. 15). With B2-crystals in the 
size range 13–75 μm, tensile ductility as high as 13.6% can be achieved (Fig. 1. 16). 
This kind of shape-memory-phase reinforced BMGMCs is a quite new topic and 
focuses on CuZr-based BMGMCs. For Mg-based BMG matrix, there is no 
shape-memory-phase reinforcement induced, even though this kind of reinforcements 
can generate better mechanical properties. 
1.8 Objectives of this thesis 
The Mg-based BMGs have attracted many attentions for its good properties, but their 
room-temperature-brittleness has limited their application. Many ex-situ and limited 
in-situ Mg-based BMGMCs have been developed to date, but the plasticity has not been 
improved a lot because the Mg-based glassy matrix is so brittle. Furthermore, there is 
no reported research on inducing shape-memory-alloy reinforcement into the Mg-based 
glassy matrix even though this shape-memory-phase may further improve the 
mechanical properties. Thus, the objectives of this research are: 
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 Fabrication of ex-situ shape-memory-alloy reinforced Mg-based BMGMCs, 
investigating the microstructures and mechanical properties, as well as comparison 
with ex-situ conventional metal-reinforced Mg-based BMGMCs (Chapter 3) 
 Designing a novel process and fabrication of in-situ shape-memory-alloy reinforced 
Mg-based BMGMCs, investigating the microstructures and mechanical properties, 
as well as comparison with in-situ conventional metal-reinforced Mg-based 
BMGMCs (Chapter 4) 
 Microstructure optimization of in-situ shape memory alloy reinforced Mg-based 
BMGMCs by optimizing the matrix (Chapter 5) and dispersoid characteristics 
(average size, volume fraction) to obtain better mechanical properties, as well as 
establishing relations between dispersoid characteristics and the mechanical 




Table 1.1 Bulk metallic glasses and their developed years 
 
BMG system Years Reference 
Pd–Cu–Si 1974 [18] 
Pt–Ni–P 1975 [10] 
Au–Si–Ge 1975 [10] 
Pd–Ni–P 1982 [11] 
Mg–Ln–Cu (Ln=lanthanide metal) 1988 [19] 
Ln–Al–TM (TM = group transition metal) 1989 [20] 
Zr–Ti–Al–TM 1990 [21] 
Ti–Zr–TM 1993 [12] 
Zr–Ti–Cu–Ni–Be 1993 [22] 
Nd(Pr)–Al–Fe–Co 1994 [23] 
Zr–(Nb, Pd)–Al–TM 1995 [24] 
Cu–Zr–Ni–Ti 1995 [25] 
Fe–(Nb, Mo)–(Al, Ga)–(P, C, B, Si, Ge) 1995 [12] 
Pd–Cu(Fe)–Ni–P 1996 [15] 
Co–(Al, Ga)–(P, B, Si) 1996 [12] 
Fe–(Zr, Hf, Nb)–B 1996 [12] 
Co–Fe–(Zr, Hf, Nb)–B 1996 [12] 
Ni–(Zr, Hf, Nb)–(Cr, Mo)–B 1996 [12] 
Ti–Ni–Cu–Sn 1998 [12] 
La–Al–Ni–Cu–Co 1998 [26] 
Ni–Nb 1999 [27] 
Ni–(Nb, Cr, Mo)–(P, B) 1999 [12] 
Zr-based glassy composites 1999 [28] 
Zr–Nb–Cu–Fe–Be 2000 [29] 
Fe–Mn–Mo–Cr–C–B 2002 [30] 
Ni–Nb–(Sn, Ti) 2003 [31] 






Table 1.2 The composition and thermal stability of some typical Mg-based BMGs. 
 
Alloys Tg/K Tx/K Tm/K ΔTx Trg 
Mg65Cu25Y10 [65] 412 473 738 62 0.55 
Mg80Ni10Nd10[68] 410.5 454.2 / 43.7 / 
Mg65Cu20Zn5Y10 [71] 415 471 702 56 0.58 
Mg65Cu15Ag10Y10 [69] 428 475 / 47 / 
Mg65Cu20Ni5Gd10 [69] 417 478 786 61 0.53 










Fig. 1.1. Plot correlating critical cooling rate (Rc), maximum sample thickness (tmax), 
and reduced glass transition temperature (Tg/Tm) for bulk metallic alloys illustrating 
conditions for processing both the more recently developed bulk amorphous alloys as 








Fig. 1.2 the relations between fracture toughness and elastic limit for metals, alloys, 











Fig. 1.3 Schematic illustrating deformation mechanism involving: (a) ‘‘shear 
transformation zone” in which strain accommodation occurs through localized cluster of 






   
 
 


























Fig. 1.6 Stress–strain response of Vitreloy 106 containing W, Ta, or WC particulate 
reinforcements. The composites show much more plastic deformation (3–7%) than the 













Fig. 1.7 Schematic microstructures, which can be found in BMG composites. The (a) 
spherical crystalline, (b) dendritic crystalline, (c) quasicrystalline and (d) amorphous 














Fig. 1.8 Microstructure and mechanical properties of various Zr-based BMG-matrix 












    
 
 
Fig. 1.9 Microstructure and mechanical properties of ex-situ ceramic-reinforced 































Fig. 1.11 (a) Typical scanning electron microscopy (SEM) image of the cross section of 
a tensile sample.  (b) A high-resolution transmission electron microscopy (HRTEM) 
image of the B2 phase and (c) its selected-area electron diffraction pattern. (d) 









Fig. 1.12 (a) XRD patterns of the as-cast and fractured samples. (b) Morphology of the 
crystalline phase before and (c) after tensile testing. (d) TEM image of the small 
crystalline phase after tension and (e) an SAED pattern of a transformed crystalline 














Fig. 1.13 Engineering tensile stress–strain curves of the BMG composites. Dashed lines 
indicate the unloading process. Top inset shows the outer appearance of the tensile 
samples pre-strained at the different stages and the lower inset shows the true tensile 







Fig. 1.14 Tensile ductility in metallic glass composites. (A) A scanning electron 
micrograph (SEM) from a Cu-Zr-Al-Co composite showing the isolated 
shape-memory-alloy phase embedded in a glass matrix. (B) An SEM micrograph from a 
Zr-Ti-Nb-Cu-Be composite showing isolated body-centered-cubic (bcc) dendrites 
embedded in a glass matrix with a crack arrested by the microstructure. (C) Two tension 
tests representative of the work-hardening behavior observed in shape-memory 
reinforced composites and the necking behavior observed in bcc-dendrite reinforced 
composites. The shear modulus of the crystal and glass matrix of both composites is 
shown in the inset, demonstrating that the inclusion is a soft phase, one of the criteria 










Fig. 1.15 SEM images of the as-cast 3 mm diameter BMG composites for the alloys 
remelted for different times. The central region used for the tensile tests is marked by a 














Fig. 1.16 True tensile stress-strain curves of the BMG composites for the alloys 
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Chapter 2 Experimental methods 
2.1 Sample preparation 
2.1.1 Precursor preparation 
2.1.1.1 Arc-melting  
In this work, many kinds of precursors containing rare-earth elements have been 
prepared by arc-melting method. For the low boiling temperature of magnesium (Mg), 
the melting for it should be induction melting, but if all elements including Mg are 
melted together by induction melting, it will be difficult to ensure the chemical 
homogeneity. Thus, the precursor preparation is needed. For alloys prepared by 
arc-melting, the starting materials of high purity metals are melted under a Ti-gettered 
Ar atmosphere in a water-cooled copper hearth (Fig. 2.1, ACM-01GS, Diavac Ltd.). The 
alloys are remelted at least four times to ensure the chemical homogeneity. For the 
rare-earth elements used in this work, they are firstly arc-melted alone to remove the 
impurities.  
2.1.1.2 Tilt casting 
In this work, some precursors are casted into the copper mold by tilt casting to induce 
higher cooling rate than as-arced precursor. The reasons will be discussed later. The 
schematic illustration of tilt casting is shown in Fig. 2.2 (NEV-ICH200L, Nissin-Giken 
Corp.). The as-arced precursors are melted again by arc-melting in a tilt casting furnace 
and then cast into the copper mold by tilting the copper hearth. The alloy liquids flow 
into the cavity of the mold by gravity of them. Various sizes of cavities, i.e., various 
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sizes of precursor rods are prepared by tilt casting to investigate the cooling rate effects 
on the microstructures of the precursor, which will be discussed later. 
2.1.1.3 Gas atomization 
For fabricating porous NiTi particles used in Chapter 2 to prepare ex-situ porous NiTi 
reinforced Mg-based BMGMCs, the Ni-Ti-Gd precursor powders are produced by 
gas-atomizing the as-arced precursor. The precursor is inductively melted in a quartz 
nozzle with a hole at the bottom, when the sample is melted into liquid, high pressure 
gas-flow is used during the liquid filing by pressures from above. The high pressure 
gas-flow serves to create turbulence as the entrained gas expands (due to heating) and 
exists into a large collection volume exterior to the orifice. The liquid droplets are 
smashed into many small droplets or powders and cooled therein (Fig. 2.3, RQM-P-100, 
Makabe Tech. Res. Co. Ltd.). 
2.1.2 Master alloy preparation 
The master alloys for Mg-based BMGMCs are produced by inductively melting the 
precursors with suitable amounts of remaining elements (Mg, Ag, Zn, etc.) in a carbon 
crucible in a He atmosphere at 1273 K for 3 min with the nominal desired composition 
(in atomic percentage), as shown in Fig. 2.4 (VMF-I-I0.5, Diavac Ltd.). To ensure that 
the alloy reached the desired composition, an excessive amount of Mg, about 3 wt.% of 
the nominal composition, is added to avoid the reduction of the Mg content due to the 
evaporation. 
2.1.3 Amorphous specimen preparation 
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The master alloy ingots fabricated by the previous step are then crushed into small 
parts and cast into a copper mold to produce amorphous specimens, both rod-shape (2 
mm in diameter and 35 mm in length) and rectangular-shape (3 × 3 × 25 mm3) 
specimens are fabricated. The schematic illustration of injection copper mold casting is 
shown in Fig. 2.5 [1] (VF-RQB50, Makabe Tech. Res. Co. Ltd.). A small hole of 1~2 
mm size is made in the tip of nozzle and about 10~15 g master alloy is put into the 
nozzle. The nozzle is set up in the chamber and the copper mold made by non-oxidation 
copper is placed in a certain location where the downward nozzle can just right touch. 
Then the chamber is evacuated to vacuum degree about 10
-3
 Pa, Ar gas is introduced to 
form the atmosphere. The master alloys in nozzle are melted by high frequency 
induction. When the master alloy is fully melted, the nozzle will be pushed down to that 
certain location and master alloy melt will be injected into the copper mold by Ar gas 
flow. For later analysis, the bulk specimens will be cut into different sizes by Fine 
Cutter Machine. 
2.2 Microstructure investigation 
2.2.1 X-ray diffraction 
The phase present in the specimens prepared in this work are characterized with 
X-ray diffraction (XRD; Bruker D8 Advance) with Cu Kα radiation (2θ from 20 to 80 
degree, step size of 0.02 degree, step time of 1 second). The phase present is conducted 
from the location and intensity of the peaks from the obtained XRD patterns. When the 
crystalline material is subjected to the X-ray radiation, the crystal planes which satisfy 
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the Bragg equation will give some strong reflection and generate peaks on the pattern. 
While when the glassy material is subjected to the X-ray, due to the amorphous 
structure lacking of long-range periodicity, a halo diffraction peak will be exhibited. 
Consequently, the glassy and crystallize phases can be distinguished from the patterns. 
2.2.2 Scanning electron microscopy 
The microstructures of the specimens are observed using scanning electron 
microscopy with attached energy-dispersive X-ray spectrometry (SEM-EDX; Carl Zeiss 
Ultra 55 with Bruker AXS). The acceleration voltage is 15 kV. The test specimens are 
cut from the bulk specimens and polished to mirror surfaces. 
2.2.3 Transmission electron microscopy 
The local microstructures of the specimens are also observed using transmission 
electron microscopy (Topcon EM-002B with acceleration voltage of 200 kV). The 
samples are firstly polished to make the thickness less than 30 μm, followed by a dimple 
process and ion-milling process.  
2.3 Thermal analysis 
  For analyzing the thermal stability of monolithic BMG and BMGMCs, differential 
scanning calorimetry (DSC) is used with PerkinElmer DSC 8500 machine. Differential 
scanning calorimetry is a thermoanalytical technique in which the difference in the 
amount of heat required to increase the temperature of a sample and reference is 
measured as a function of temperature. Both the sample and reference are maintained at 
nearly the same temperature throughout the experiment. Generally, the temperature 
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program for a DSC analysis is designed such that the sample holder temperature 
increases linearly as a function of time. The reference sample should have a 
well-defined heat capacity over the range of temperatures to be scanned.   
  With DSC result, the glass transition temperature Tg and onset crystalline temperature 
Tx, as well as phase transformation temperature of shape memory phases, can be 
determined. Th Al pan is used in DSC test, an empty Al pan in reference side and Al pan 
with about 10 mg samples in specimen side. In Ar atmosphere, two pans are heated or 
cooled from start temperature to end temperature with heating/cooling rate of 0.33 K/s. 
2.4 Mechanical property investigation 
2.4.1 Compression test 





. The compression samples with the height of 4 mm and diameter of 2 mm were 
cut in parallel and carefully polished to ensure the end flatness. The strain gages are 
used and sticked on the lateral surfaces of the specimens to measure the accurate elastic 
modulus, which is not very correct from the machine. At least four specimens of the 
same preparation condition are used to confirm the reproducibility. 
2.4.2 Four-point bending test 
Four-point bending (4 PB) tests are performed with an EZ-Graph (Shimadzu Co. Ltd.) 
table-top type precision universal tester. The upper and lower spans are 10 and 30 mm, 




. A strain gage is fixed on the bottom 
center of the specimen to allow derivation of stress-strain curves. The specimen 
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fractured in the upper span length is only used for examination to elucidate its single 
bending manner in the similar tensile mode. At least four specimens of the same 
preparation condition are used to confirm the reproductivity. The fracture surfaces after 













































































Chapter 3 Ex-situ porous NiTi shape-memory-alloy 
particles reinforced Mg-based BMGMCs 
3.1 Background 
As discussed in Chapter 1, to date, no research is reported on shape-memory-alloy 
reinforced Mg-based bulk metallic glass matrix composite (BMGMCs). In addition, 
normally, it is much easier to fabricate ex-situ BMGMCs as long as the reinforcement 
powders are available. The only thing to do is to add these powders during the master 
alloy or BMGMC preparations. Therefore, in this chapter, the ex-situ 
shape-memory-alloy reinforced Mg-based BMGMCs is firstly fabricated and 
characterized. 
Several considerations should be done, in advance, to choose the proper reinforcing 
phase. When people mentioned about shape-memory-alloys, the first alloy arises in the 
mind should be NiTi, one of the conventional shape-memory-alloys. However, there are 
limited researches on this kind of shape memory phase reinforced BMGMCs. Recently, 
Gargarella et al. have successfully induced in-situ B2-(Cu,Ni)(Ti,Zr) phase into 
Ti-Cu-Ni-Zr BMGMCs [1]. By adjusting the composition and cooling rate during 
casting, i.e., the size of specimens, they produced this kind of BMGMCs with various 
volume fractions of B2-(Cu,Ni)(Ti,Zr) phase, as shown in Fig. 3.1. These BMGMCs 
show very good mechanical properties including improved plasticity, work-hardening 
and fracture strength (Fig. 3.2). The stress-induced phase transformation from B2 to 
B19 phases has been confirmed (Fig. 3.3), which is the unique phenomenon of shape 
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memory phase and is considered to contribute to the mechanical properties. In addition, 
in their work, for the constituent elements contain Cu and Zr, the shape memory phase 
is B2-(Cu,Ni)(Ti,Zr) instead of simple B2-NiTi phase. Another consideration is the 
trigger stress to induce the phase transformation. If the trigger stress is very high, higher 
than the fracture strength of the matrix, it will be very difficult to induce the phase 
transformation during deformation. In ref.[2], the trigger stress for phase transformation 
from B2-NiTi to B19’-NiTi is reported to be about 500 MPa (Fig. 3.4), which is lower 
than the normal fracture strength of Mg-based BMG, ~800 MPa [3]. Therefore, during 
the deformation, it is possible to induce phase transformation for B2-NiTi 
reinforcements in Mg-based BMGMCs. Furthermore, the NiTi phase is very stable in 
Mg-melt. Li et al. immersed the porous NiTi alloys in Mg-melt for 2 hours [4], they 
found that NiTi phase did not dissolve or react in Mg-melt. Therefore, it is possible to 
fabricate ex-situ B2-NiTi reinforced Mg-based BMGMCs by adding NiTi powders 
directly into Mg-based glassy former liquid. 
Moreover, normally, dense powders are used to fabricate the ex-situ BMGMCs, such 
as Ti powder [5], Fe powder [6]. However, recently, ex-situ porous particle-reinforced 
Mg-based BMGMCs have attracted a lot of interests. For example, the addition of 
porous Mo particles can greatly improve the fracture strength and plasticity of 
Mg-based BMGMCs [7], which are better than normal dense particle reinforced 
counterparts. The reasons may be that the BMGMCs containing porous particles possess 
two different kinds of average particle size and inter-particle spacing: large-scale 
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compartment divided by the particles and micro-scale compartment within one porous 
particle. The more complicated microstructures are considered to favor their ductility as 
well as strength because the small partition regions can further limit the propensity of 
forming matured shear bands. In fact, each compartment, if standing alone, can deform 
a lot with high failure resistance [8-11]. Therefore, in this chapter, porous B2-NiTi 
particles are induced into Mg-based BMGMCs, then microstructures and mechanical 
properties of these composites are investigated. 
3.2 Porous NiTi fabrication 
For there are no commercial porous B2-NiTi powders, we have to fabricate them by 
ourselves. Our previous research has shown an effective way to produce 
submicron-porous NiTi by a new top-down process [12]. The process includes solidified 
phase controlling and etching. Firstly, the Ni-Ti-Gd precursor containing both B2-NiTi 
phase and Ni-Gd phase is prepared, then by etching in acid solutions to remove reactive 
Ni-Gd phase selectively, bulk porous B2-NiTi specimens can be obtained. Following 
this idea, if the precursor of Ni-Ti-Gd is not in bulk-shape, but powder-shape, then by 
etching in acid solutions, porous NiTi powders may be produced.. 
The composition for Ni-Ti-Gd precursor is Ti28.2Ni47.6Gd24.2. The Ni-Ti-Gd powders 
are produced by gas-atomizing the as arc-melted alloy. The XRD pattern for the 
as-atomized powders is shown in Fig. 3.5, exhibiting both B2-NiTi and Ni2Gd peaks, 
which is in accord with the expected results. The SEM image of the powders is shown 
in Fig. 3.6, exhibiting dense and sphere-shaped Ni-Ti-Gd powders. Two phases with 
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different contrast can be found.  The dendrite gray phase and the white phase between 
the dendrites are respectively determined to be B2-NiTi and Ni2Gd by EDS results (not 
shown here). After etching the multiphase Ni-Ti-Gd powders in nitric acid solution 
(HNO3:H2O = 2:1) for 12 h followed by washing and drying, the porous NiTi powders 
are finally fabricated. The XRD pattern for the etched powders is shown in Fig. 3.5; 
only peaks for B2-NiTi can be found, indicating that all Ni-Gd phase has been removed 
in the acid solution. The SEM image of the porous NiTi powders is shown in Fig. 3.7. 
The powders maintain the spherical shapes, but obvious porous structures can be found. 
The porosity of the powders should be the same with their bulk counterparts, which is 
estimated to be ~30%. The average size of the powders is ~30 μm. In addition, within 
one porous NiTi particle, the average length span of the dendrites and the mean 
inter-particle spacing are estimated be both ~0.2 μm.  
3.3 Fabrication of porous NiTi reinforced Mg-based BMGMCs 
The adding porous NiTi particles have been prepared. For the next setp, the glassy 
matrix composition should be selected. The matrix should possess high glass-forming 
ability and high fracture strength, which should be higher than the trigger stress of 
B2-NiTi phase to induce phase transformation, ~500 MPa. Recently, a very good glass 
former in Mg-Cu-Gd-Ag alloy system has been found. A Mg59.5Cu22.9Ag6.6Gd11 shows 
the highest glass-forming ability, the critical size can be as large as 27 mm in diameter, 
as shown in Fig. 3.8 [13], thus is selected for the matrix glass in this chapter. For 
fabricating the master alloy, firstly, Cu-Gd-Ag precursors are prepared by arc-melting, 
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and then they are inductively melted with Mg pieces. During this process, the porous 
NiTi particles are added. Volume fraction of the particle is varied with 5, 10 and 20% to 
investigate the volume-fraction-effects on the mechanical properties of the composites. 
After master alloy preparation, the BMGMCs (rods, 2 mm in diameter) are produced by 
the copper mold casting technique. 
3.4 Microstructures of porous NiTi reinforced Mg-based BMGMCs   
Figure 3.9 shows the XRD patterns for both monolithic Mg-Cu-Gd-Ag base 
specimen and 20 vol.% porous NiTi added specimen, exhibiting a board peak of 
amorphous phase for both specimens and peaks of B2-NiTi superimposed into the board 
peak for the composite. The BMGMC shows no other peaks, indicating the composite 
structure combining only amorphous matrix and NiTi reinforcement. Figure 3.10(a) 
shows the SEM images of BMGMCs with 20 vol.% porous NiTi particle addition, a 
clear two-phase structure can be observed. The spherical black phase and the gray phase 
around them are respectively indentified to be B2-NiTi and the glassy matrix by the 
EDS results (not shown here). Figure 3.10(b)-(c) are element mapping results taken 
from Fig. 3.10(a) for Ni and Ti, further confirming the porous NiTi particles among the 
matrix. All these results reveal homogenous distribution of the particles in the metallic 
glassy matrix, which is found to fill interspaces between and within the porous NiTi 
particles, indicating that the matrix liquid has been infiltrated into the porous NiTi 
particles completely. The overall microstructures can be separated into the large-scale 




3.5 Mechanical properties of porous NiTi reinforced Mg-based BMGMCs 
Figure 3.11 shows the compressive true stress-stain curves of both monolithic BMG 
specimen and the ex-situ BMGMCs with various volume fractions of porous NiTi 
particle addition. The monolithic Mg-based BMG specimen shows no plastic strain after 
elastic deformation and fractures at 854 MPa, similar to the value reported by Wang et 
al. [14]. For the BMGMCs, apparent improvement in both plastic strain and stress can 
be found. The BMGMC containing 20 vol.% porous NiTi particles exhibits the best 
mechanical properties, true plastic strain up to 10.6% and fracture stress up to 1173 
MPa, respectively. These values are higher than those of porous Mo particles reinforced 
Mg-based BMGMC with the same volume fraction of ex-situ secondary phase [7]. In 
addition, comparing the mechanical properties between the BMGMCs with different 
volume fraction of porous NiTi, we can find that a higher volume fraction of NiTi 
particles generates higher stress and strain. The detailed results for compression test are 
summarized in Table 3.1. 
  The observations of fracture specimen (20 vol.% NiTi added) are shown in Fig. 3.12. 
Multiple shear bands can be found on the lateral surfaces of the fractured specimen 
shown in Fig. 3.12(a). Development of the multiple shear bands indicates that the 
composite exhibites the good plasticity. Dimple patterns can be observed on the 
fractured surfaces (Fig. 3.12(c)). This indicates the localized viscous flow in the matrix, 
which is usually observed for Mg-based BMG [15]. Furthermore, deformed or fractured 
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NiTi particles can be found in Fig. 3.12(d). The porous NiTi particles dispersed in the 
glassy matrix are cut off by the shear-banding process, indicating that stress 
concentration is released by the plastic deformation of ductile NiTi particles and the 
strong reactions between the shear banding in the matrix and NiTi particles. The shear 
bands cannot propagate freely, and are absorped in the glassy matrix-NiTi interfaces. 
The propagation distance, i.e., mean free path of shear bands, is affected by the size and 
volume fraction of porous NiTi particles. A higher volume fraction can generate more 
interfaces between glassy matrix and NiTi, resulting in more interactions, thus, higher 
plasticity. Furthermore, compared with dense ex-situ particles, the porous NiTi particles 
can generate more complicated microstructures and more interfaces between the matrix 
and itself as the secondary phase particles.  
A lot of researches have shown that the plastic deformation in BMGs or BMGMCs 
depends strongly on a characteristic plastic processing zone size    , which can be 
expressed as:  








   ,                               
where     and    are the plain-strain fracture toughness and the yield strength of the 
glass matrix, respectively [16,17]. Shear bands can be effectively stabilized against 
developing into cracks by a second phase and optimum plasticity can be realized when 
the average particle size and the mean inter-particle spacing are close to    . Hofmann 
et al. used the similar strategy of matching microstructural length scales, which were 
related with reinforcing phase condition, to the characteristic length scale (processing 
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zone size) to limit shear band extension, suppress shear band opening, and avoid crack 
development thus to obtain better ductility [18]. Xi et al. reported that the processing 
zone size for Mg-based BMG was approximately 0.2 μm [15]. However, the ex-situ 
particle size and mean inter-particle spacing for researches on the ex-situ Mg-based 
BMGMCs to date is much larger than    . In this work, as shown before, within one 
porous particle, the localized particle size and inter-particle spacing satisfy the optimal 
microstructures (~0.2 μm), indicating that very strong interactions between the matrix 
and the NiTi phase can be realized to further contribute to the mechanical properties of 
the composites. 
Besides the improved plasticity and fracture strength, very obvious work-hardening 
can be also observed from the Fig. 3.11 for the BMGMCs. This kind of work-hardening 
havior is rarely observed for ex-situ metal reinforced Mg-based BMGMCs, such as Ti or 
Fe particles [5,6], or even porous Mo particles [7]. Therefore, we consider this unique 
behavior is related with the shape memory effects of B2-NiTi phase. Figure 3.13 shows 
the XRD patterns for both as-fractured specimen and as-cast specimen for 20 vol.% 
porous NiTi reinforced composites. From the as-cast specimen pattern, only peaks for 
B2-NiTi can be observed, but for the as-fractured specimen, both B2-NiTi and 
B19’-NiTi can be observed, indicating the phase transformation occurs during the 
deformation. This phase transformation can generate compressive stress field around the 
NiTi because of the shape changes, further hindering the crack initiation and 
propagation and resulting in higher stress to drive more deformation, i.e., 
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work-hardening. However, when more than 20 vol.% porous NiTi is added, the powder 
and the liquid cannot be fully mixed, causing very low volume fraction of the particles 
among the glassy matrix. Thus, the highest volume fraction of porous NiTi powders in 
this work 20 vol.%. Even though the mechanical properties of this porous 
shape-memory-alloy particle reinforced Mg-based BMGMCs are better than those 
dense or porous metal reinforced counterparts, but as discussed in Chapter 1, if this 
B2-NiTi shape memory phase can be induced by in-situ way, better mechanical 
properties are expected. We will discuss this part in the next chapter. 
3.6 Summary 
In this chapter, we have successfully fabricated the porous NiTi shape-memory-alloy 
particles and induced them into a Mg-Cu-Gd-Ag glassy matrix with high 
glassy-forming ability. This kind of ex-situ porous NiTi reinforced Mg-based BMGMCs 
shows improved plasticity and fracture strength, better than conventional dense or 
porous metal particle reinforced Mg-based BMGMCs. The best plasticity obtained is 
~11% with 20 vol.% porous NiTi particle dispersoids. The composites also show 
excellent work-hardening behavior during deformation. The stress-induced phase 
transformation from B2-NiTi to B19’-NiTi have been confirmed by investigating the 
XRD patterns for both as-cast and as-fractured state of the BMGMCs. This phase 
transformation and the ductility of B2-NiTi phase, as well as the porous structure of 
NiTi particles, which generates very fine-scale local microstructures, are considered to 












E (GPa) σf (MPa) εf (%) εp (%) 
Base 54 854 1.9 / 
Base+ 5 vol.% NiTi 53 916 2.05 0.25 
Base+ 10 vol.% NiTi 52 1000 5.01 3.44 






















Fig. 3.2 Compressive true stress-strain curves for the B2-(Ti,Zr)(Cu,Ni) phase 









Fig. 3.3 XRD patterns for both as-cast and as-fractured specimens of the 



























































Fig.3.9 XRD patterns for both as-cast monolithic base alloy and the porous NiTi 






Fig. 3.10 (a) SEM image of ex-situ porous NiTi reinforced Mg-based BMGMCs (20 











Fig. 3.11 Compressive true stress-stain curves for base alloy and ex-situ porous NiTi 










Fig. 3.12 SEM images of fractured surfaces for the ex-situ porous NiTi reinforced 









Fig. 3.13 XRD patterns for base alloy and ex-situ porous NiTi reinforced Mg-based 
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Chapter 4 Designing, fabrication and characterization 
of in-situ dendritic NiTi shape-memory-phase 
reinforced Mg-based BMGMC 
4.1 Background  
In the previous chapter, the porous B2-NiTi particles were fabricated by a new 
top-down process and induced the porous B2-NiTi shape-memory-alloy particles into 
Mg-Cu-Gd-Ag good glass-former matrix by ex-situ direct adding method. However, 
normally, the in-situ BMGMCs always show better mechanical properties than the 
ex-situ ones. Thus, in-situ B2-NiTi reinforced Mg-based BMGMCs are desired rather 
than ex-situ ones even though it is easier to fabricate the composites by ex-situ way and 
is more difficult to design a proper in-situ process. 
Transformation-induced plasticity in dendritic composites was first demonstrated by 
Kim et al. [1] in a Ti48Zr27Ni6Be14Ta5 BMG containing dendrites (trunk diameter ≈ 15 
μm) of β phase. On tensile loading, β phase starts to transform to hcp α’ phase even in 
the elastic regime of the glass matrix. Plastic flow then starts in the glassy matrix, even 
though the matrix is harder than the original β phase. As flow continues, it induces 
further transformation to α’ phase, and twinning within the α’ phase. These result in 
strong work-hardening, stabilizing tensile specimens against necking, and giving very 
uniform deformation and a total elongation of 9.5%. Therefore, in this chapter, the 
in-situ B2-NiTi phase reinforced Mg-based BMGMCs are fabricated by using a novel 
designed in-situ process. 
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4.2 Fabrication process design 
As discussed before, to fabricate in-situ BMGMCs, a proper fabrication process 
should be firstly designed. As shown in Chapter 3, during fabricating the porous NiTi 
particles, the multiphase-containing Ni-Ti-Gd precursor with both B2-NiTi phase and 
Ni-Gd phase is firstly prepared. Then by etching this precursor in acid solution to 
remove Ni-Gd phase selectively, porous NiTi can be obtained. Following this idea, if 
Mg-containing liquid is used to remove Ni-Gd phase instead of acid solution, and the 
amount of both Mg-containing liquid and Ni-Gd phase are well balanced in advance to 
just form the glass-forming matrix, then, in-situ NiTi reinforced Mg-based BMGMCs 
can be fabricated by the copper mold casting technique. Therefore, the process is 
designed as shown in Fig. 4.1. The matrix for this composite is the same with the one 
used for the ex-situ porous NiTi reinforced BMGMCs in Chapter 3, 
Mg59.5Cu22.9Gd11Ag6.6 (at.%). By doping Ni and Ti to prepare Ni-Ti-Gd precursor (Fig. 
4.1(a)), dendritic NiTi phase and Ni-Gd phase are considered to be formed in the 
precursor. Then, the temperature of master alloy preparation is kept low enough for NiTi 
phase not to melt or dissolve, but high enough for the Ni-Gd phase to dissolve into the 
Mg-Cu-Ag melt, owing to their different reactivities. Moreover, the amounts of 
Mg-Cu-Ag melt and dissolved Ni-Gd are properly balanced in advance to form 
Mg59.5Cu22.9Gd11Ag6.6 (at.%) excellent glass-forming matrix. Finally, a Mg-Cu-Gd-Ag 
BMG matrix with in-situ NiTi dispersoids is fabricated by casting this semi-solid melt 
into a copper mold. 
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4.3 Fabrication of in-situ B2-NiTi reinforced Mg-based BMGMCs 
The composition of the composite for our first try is 
(Mg0.595Cu0.229Gd0.11Ag0.066)90Ni5Ti5 (at.%), the doping amounts of Ni and Ti are the 
same of 5 at.%. Then, according to this composition, Ni25.1Ti25.1Gd49.8 (at.%) precursor 
is fabricated then the phase constituent in this precursor is investigated. As shown in Fig. 
4.2, the phases in the precursor are NiGd3 and NiTi2. In addition, it seems to have phase 
separation between these two phases. There is no B2-NiTi phase, the desired phase, can 
be observed. The reason may be the insufficient Ni amount because the Ni should react 
with both Ti and Gd, resulting in Ti-rich Ni-Ti phase. Thus, more Ni was doped into the 
matrix. For the second try, the composition is modified to be 
(Mg0.595Cu0.229Gd0.11Ag0.066)85Ni10Ti5 (at.%). The SEM image for this Ni41.1Ti20.5Gd38.4 
(at.%) precursor is shown in Fig. 4.3(a). Apparently, no huge Ni-Ti and Ni-Gd phases 
are observed. The fine composite structures of B2-NiTi, NiTi2 and Ni-Gd are obtained, 
indicating that adding more Ni is an effective way to optimize the microstructure of the 
precursor. But there is still some large NiTi2 phase, thus, 2 at.% more Ni is added and 
consequently the composition is modified to be (Mg0.595Cu0.229Gd0.11Ag0.066)83Ni12Ti5 
(at.%). The SEM image for this Ni45.9Ti19.1Gd35.0 precursor is shown in Fig. 4.3(b). Only 
B2-NiTi and Ni-Gd phases are formed in this precursor, which is in good accord with 
the designed process (Fig. 4.1). The composition of the B2-NiTi phase is Ni50.2Ti49.8 
(at.%) by EDX results. The powder of these B2-NiTi particles are obtained by etching 
the Ni-Ti-Gd precursor in nitric acid solution and the DSC curve of these B2-NiTi 
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powders is shown in Fig. 4.4. Apparently, two exothermic peaks can be found, identified 
to relate with R-phase transformation and martensitic transformation. The phase 
transformation temperatures these two peaks are ~20 °C (Rs) and 11 °C(Ms). Gall et al. 
have found that when the phase transformation temperature is near the mechanical 
property test temperature, the critical stress to trigger the phase transformation can be 
lower and when the phase transformation temperature is far from the test temperature, 
the critical stress increases a lot to make it more difficult to induce the stress-induced 
phase transformation behavior [2]. In this work, all mechanical properties are tested at 
room temperature, ~28 °C, thus, it is very possible to induce the phase transformation 
during deformation with the adjusted composition. Furthermore, the R-phase is less 
stable than the B19’ phase [3], so most transformed phases should be B19’ phase. The 
average size (d) of the B2-NiTi phase is about 8 μm and the volume fraction (f) is about 
45% by image analyzing Fig. 4.3(b). Here, the proper composition for fabricating the 
in-situ NiTi reinforced Mg-based BMGMCs has been successfully found, which is 
denoted as Ti5 hereafter. 
By inductively melting the Ni45.9Ti19.1Gd35.0 precursor with Mg, Cu and Ag, the 
master alloy is fabricated. Then the BMGMCs (rod, 2 mm in diameter) are produced by 
injection copper mold casting with this master alloy. 
4.4 Microstructures of in-situ B2-NiTi reinforced Mg-based BMGMCs 
Figure 4.5 shows the XRD patterns of the monolithic Mg-Cu-Gd-Ag base specimen 
and Ti5 specimen. The base specimen shows only a board peak without any crystalline 
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peaks, indicating the glassy phase. The Ti5 shows both a board peak of glassy matrix 
and B2-NiTi peaks, indicating the composite structure combining both B2-NiTi 
dispersoids and glassy matrix is obtained. No other peaks can be found from the pattern 
of Ti5. The SEM images for the as-cast Ti5 are shown in Fig. 4.6, exhibiting dendritic 
B2-NiTi dispersed in Mg-based glassy matrix, agreeing well with the XRD pattern 
shown in Fig. 4.5. The average size and volume fraction of B2-NiTi phase are estimated 
to be ~10 μm and 12%, respectively. The size is almost the same with those in the 
precursor. This indicates that, during the fabrication of master alloy and BMGMCs, the 
NiTi phase does not change, or the NiTi phase in the as-cast specimens is directly 
inherited from the precursor, in good accordance with the designed process (Fig. 4.1). 
Figure 4.7 shows the DSC curves of Ti5 BMGMCs, exhibiting the peaks related with 
glass-transition and crystallization behavior. The Tg and Tx are determined to be ~427 K 
and 453 K, respectively. No B19’ to B2 phase transformation peaks of NiTi phase is 
found, indicating that the NiTi dispersoids are monolithic B2 phase, agreeing well with 
the XRD patterns shown in Fig. 4.5. The TEM images and selective area diffraction 
patterns (SAD) of Ti5 BMGMCs are shown in Fig. 4.8, exhibiting the glassy matrix and 
B2-NiTi dispersoids to further prove the composite microstructures. The HRTEM 
images of the interfaces between the B2-NiTi dispersoids and glassy matrix are shown 
in Fig. 4.9. The interfaces are very flat without any crystalline phases, indicating the 
well bonding strength of the interfaces. The thermal residual stress at the interfaces is 
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where 𝜎  is the thermal residual stress, ∆𝛼  is the thermal expansion coefficient 
differences between B2-NiTi and glassy matrix, ∆𝑇 is the temperature range, 𝐸  is 
the Young’s modulus of the B2-NiTi and 𝐸  is the Young’s modulus of the glassy 









 [6]. The temperature range is calculated from Tg to room 
temperature, ~90 K. The Young’s modulus of B2-NiTi is ~75 GPa, and of matrix is ~52 
GPa. Thus, the 𝜎  is calculated to be ~40 MPa, compressive stress at B2-NiTi, which 
may facilitate the phase transformation of B2-NiTi during deformation. 
4.5 Mechanical properties of in-situ NiTi reinforced Mg-based BMGMCs 
Figure 4.10(a) shows the compressive true stress-strain curves for the in-situ B2-NiTi 
reinforced Mg-based BMGMCs (Ti5) and the monolithic glassy counterpart (Base) for 
comparison. The Base shows brittle fracture after elastic deformation without any 
plasticity. However, the Ti5 shows higher fracture strength (1066 MPa), improved 
plasticity (6.8%) and work-hardening behavior. The detailed mechanical properties are 
summarized in Table 4.1. Compared with the ex-situ porous NiTi reinforced Mg-based 
BMGMCs with the same matrix and volume fraction of the secondary phase, the in-situ 
BMGMCs show higher plasticity and strength. One reason may be the stronger bonding 
strength between the in-situ precipitated NiTi phase and the glassy matrix. Furthermore, 
even though for the ex-situ case, within one porous particle, the average size and 
inter-particle spacing can be very fine, but on large-scale compartments, the 
82 
 
microstructure is not so homogenous and the size and spacing of porous NiTi particles 
can be very large. The SEM image of fracture surface for the as-fractured Ti5 is shown 
in Fig. 4.10(b), exhibiting multiplied shear bands, corresponding to the plasticity. 
The stress-induced phase transformation is confirmed by comparing the XRD 
patterns from the as-cast and the as-fractured specimens (Fig. 4.11). The fractured 
specimens show both B2-NiTi and B19’-NiTi peaks, indicating the phase 
transformation from B2-NiTi to B19’-NiTi occurs during the deformation. This 
contributed to the plasticity and work-hardening of the composites, which is similar to 
the ex-situ porous NiTi reinforced BMGMCs shown in Chapter 3. The TEM images of 
as-fractured Ti5 specimens are shown in Fig. 4.12, exhibiting the existence of 
transformed R-phase from B2-NiTi to prove the stress-induced phase transformation. 
However, for the limited volume fraction of transformed B19’-NiTi, it cannot be found 
from the very local area of TEM specimens. Thus, by using bulk specimens, DSC 
curves of both as-cast and as-fractured Ti5 are shown in Fig. 4.13. A very clear 
endothermic peak can be found at low-temperature region, identified to be the 
transformation of B19’-NiTi to B2-NiTi to further prove the existence of B19’-NiTi at 
the as-fractured specimens.  
Some differences of mechanical properties between the ex-situ porous NiTi 
reinforced Mg-Cu-Gd-Ag BMGMCs and the in-situ NiTi reinforced ones can be found. 
For the similar volume fraction of secondary phases, 10 vol.% for ex-situ one and 12 
vol.% for in-situ one, the in-situ one shows higher fracture strength and larger plastic 
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strain than the ex-situ one, as shown in Table 4.1. The reason may be the stronger 
bonding strength between in-situ NiTi and glassy matrix than ex-situ one, which can 
further suppress the propagation of shear bands or initiation of cracks. However, the 
ex-situ porous NiTi reinforced one shows higher work-hardening index (~0.352) than 
in-situ one (~0.139), the reason is considered to be the fine-scale compartments within 
one porous particles, which is much closer to the processing zone size, leading more 
severe stress concentration and more phase transformation of B2-NiTi. This contributes 
to the work-hardening behavior, as discussed in Chapter 3. But for the large-scale 
compartment, the size of one porous particle and the spacing between them are still very 
large, thus the plasticity is not improved very much compared with the in-situ 
composites. 
For the ex-situ porous NiTi reinforced BMGMCs, their mechanical properties were 
compared with dense or porous metal reinforced counterparts (similar matrix). It was 
found that NiTi reinforced composites show better mechanical properties. Thus, for the 
present in-situ B2-NiTi reinforced BMGMCs, their mechanical properties are also 
compared with the in-situ metal reinforced counterparts. For example, Ma et al. reported 
the in-situ Fe reinforced Mg-based BMGMCs [7]. The volume fraction (f) of Fe is about 
8% and average size (d) of Fe is about 5 μm. This composite shows very limited 
plasticity, less than 1%. Therefore, our B2-NiTi reinforced BMGMCs (d:10 μm, f:12%) 
show better plasticity. However, the matrix for in-situ Fe reinforced BMGMCs is 
Mg-Cu-Zn-Ni-Y-Ag alloy, which is different from the present Mg-Cu-Gd-Ag alloy. For 
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more accurate comparison, the in-situ metal reinforced Mg-based BMGMCs with 
exactly the same matrix are desired. However, no researches can be found. Thus, the 
comparing counterparts have to be made by ourselves. 
4.6 Comparison with in-situ Ti reinforced Mg-based BMGMCs 
4.6.1 In-situ process design 
As discussed before, if one wants to induce in-situ reinforcement to fabricate in-situ 
BMGMCs, a proper in-situ fabrication process should be firstly designed. To induce 
in-situ Ti dispersoids into Mg-Cu-Gd-Ag glassy matrix, the process is designed as 
follows. 
To fabricate the in-situ NiTi reinforced Mg-based BMGMCs, selective leaching of 
Ni-Gd phase from Ni-Ti-Gd multiphase precursor with Ni-Gd and NiTi is used. In fact, 
this kind of leaching process occurs not only in the phase-level, but also in the 
atomic-level. If the selective leaching of X atom from Ti-X intermetallic compound into 
Mg-melt is realized, then Ti dispersoids will be formed in Mg liquid containing X 
element, which is difficult to occur in Ti-Ni compound for its high chemical stability. 
Recently, Wada et al. reported that by immersing Ti-Cu alloys in Mg-melt, Cu is 
selectively leached into Mg-melt for the negative mixing heat between Cu-Mg, while at 
the same time, the remained Ti forms granule in Mg-Cu melt [8]. Following this idea, 
the process to induce Ti dispersoids is designed and illustrated schematically in Fig. 4.8. 
For the matrix of Mg-Cu-Gd-Ag contains Cu, firstly, Ti-Cu-Gd precursor is produced. 
According to the phase diagram [9], the Ti-Cu-Gd precursor may contain Ti-Cu and 
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Cu-Gd phases. Then by immersing this precursor in Mg-Ag melt, whole Cu-Gd phase is 
supposed to dissolve into Mg-Ag melt, while at the same time, only Cu atoms from 
Ti-Cu phase will be also leached selectively into Mg-Ag melt. The dissolved Cu-Gd and 
Cu from Ti-Cu are mixed together with Mg-Ag melt, resulting in forming the 
Mg-Cu-Gd-Ag glass-former liquid. The Ti atoms in Ti-Cu phase will aggregate together 
to form Ti dispersoids. Finally, by quenching this semi-solid liquid, in-situ Ti reinforced 
Mg-Cu-Gd-Ag BMGMCs will be fabricated. 
4.6.2 Fabrication of in-situ Ti reinforced Mg-based BMGMCs 
The composition for the composite is (Mg0.595Cu0.229Ag0.066Gd0.11)90Ti10 (at.%). The 
Ti-Cu-Gd precursor of this composition is firstly produced by the arc-melting method. 
Figure 4.15 shows the phase constituents in the Ti-Cu-Gd precursor, exhibiting three 
phases: Ti2Cu phase, which is going to form Ti dispersoid, Cu7Gd2 and Cu2Gd phases, 
which are going to form glass-former liquid during master alloy preparation. The master 
alloy is fabricated by immersing the Ti-Cu-Gd precursor in Mg-Ag melt by the 
induction melting method. The BMGMCs (rod, 2 mm in diameter) are fabricated by the 
injection copper mold casting technique. 
4.6.3 Microstructures, mechanical properties of in-situ Ti reinforced Mg-based 
BMGMCs 
Figure 4.16 shows the XRD patterns for both Mg-Cu-Gd-Ag monolithic BMG and its 
composite reinforced with the in situ Ti dispersoids. The composite shows both a board 
peak of glassy matrix and peaks from α-Ti dispersoids, indicating that the selective 
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atomic leaching of Cu atoms from Ti-Cu phase into Mg-melt occurs and our designed 
process is applicable to produce the in-situ Ti reinforced BMGMCs. The SEM images 
of the composite are shown in Fig. 4.17. The composite microstructure of α-Ti particles 
dispersed in the glassy matrix can be observed, agreeing well with the XRD patterns. 
From results of the image analysis, the average size (d) and the volume fraction (f) of Ti 
dispersoid are about 6 μm and 13%, respectively. The dispersoid characteristics of Ti in 
the present composite and those of NiTi shown before are almost the same and 
summarized in Table 4.1. Furthermore, the matrix for both BMGMCs is exactly the 
same. To compare the mechanical properties between these two BMGMCs, the 
compression test for in-situ Ti reinforced Mg-based BMGMCs is conducted and the 
compressive true stress-strain curves are shown in Fig. 4.18. The in-situ Ti reinforced 
Mg-based BMGMC also shows yielding and plasticity after the elastic deformation, as 
well as the work-hardening behavior. The fracture strength is about 919 MPa, the plastic 
strain is about 5.2% and the work-hardening index is about 0.07. The detailed 
reinforcement characteristics and mechanical properties of both in-situ Ti and in-situ 
B2-NiTi reinforced Mg-Cu-Gd-Ag BMGMCs are compared in Table 4.1. Obviously, 
those reinforced with B2-NiTi phase show better mechanical properties. The reasons are 
considered to be the same as discussed before, the stress-induced phase transformation 
behavior of B2-NiTi phase induces compressive stress field around the particle to 
further block the initiation and propagation of cracks, which is similar mechanisms to 
TRIP (transformation-induced plasticity) steels [10,11]. 
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Here, the mechanical properties of in-situ B2-NiTi shape-memory-alloy reinforced 
Mg-based BMGMCs are confirmed to be better than conventional in-situ Ti reinforced 
counterparts with similar size and volume fraction of the secondary phase, as well as the 
matrix composition. However, for this B2-NiTi reinforced Mg-based BMGMCs, the 
microstructure should be optimized; the details will be discussed in the next chapter. 
4.7 Summary 
In this chapter, a novel fabrication process has been designed to produce the in-situ 
dendritic B2-NiTi reinforced Mg-based BMGMCs. The B2-NiTi shape-memory-alloy 
reinforced BMGMCs show very high plasticity and strength, as well as work-hardening, 
which are better than the conventional in-situ Ti reinforced counterparts with similar 
size and volume fraction of the secondary phase. The reasons are considered to be both 
the ductile nature of B2-NiTi phase and the stress-induced phase transformation during 
deformation, which induces the volume change and compressive stress field around the 
NiTi dispersoids to further release the stress concentration and hinder the initiation and 








Table 4.1 Detailed date for ex-situ porous NiTi reinforced, in-situ Ti and in-situ NiTi 
reinforced MgCuGdAg-based BMGMCs during compression (d: average size of 














MgCuGdAg-ex-situ porous NiTi 30 10 1000 3.5 0.35 
MgCuGdAg-in-situ NiTi 10 12 1066 6.8 0.14 










Fig. 4.1 Schematic of the novel fabrication process: (a) The Ni-Ti-Gd precursor consists 
of NiTi dendrites and Ni-Gd phases; (b) the semi-solid master alloy melt is prepared by 
immersing the precursor in a Mg-Cu-Ag melt (the Ni-Gd phases gradually dissolve into 
the Mg-Cu-Ag melt, while the NiTi dendrites remain and disperse in the melt); (c) the 
























Fig. 4.3 SEM images for Ni-Ti-Gd precursors of (a) 

















































































Fig. 4.10 (a) Compressive true stress-strain curves for both base alloy and Ti5; (b) 









































































































































































































































































































































































































Fig. 4.18 Compressive true stress-strain curves for both base alloy and in-situ Ti 
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Chapter 5 Microstructure optimization of the matrix of 
in-situ B2-NiTi reinforced BMGMCs 
5.1 Background 
In the previous chapter, by using the novel designed fabrication process, the in-situ 
B2-NiTi reinforced Mg-based BMGMCs have been successfully produced. The 
composites show better mechanical properties than conventional in-situ metal 
reinforced counterparts, owing to the stress-induced phase transformation of B2-NiTi 
shape memory phase during deformation. However, as shown in Fig. 4.1, during master 
alloy preparation, the selective leaching of Ni-Gd phase into Mg-Cu-Ag melt occurs, 
generating the Ni-containing matrix. In this chapter, the effects of the undesired Ni 
dissolution on the glass-forming ability of the matrix and the matrix optimization will 
be discussed.  
5.2 New matrix selection 
Table 5.1 gives the composition of the matrix for B2-NiTi reinforced Mg-Cu-Gd-Ag 
BMGMCs. About 7 at.% Ni was dissolved into the matrix, which resulted in degrading 
the glass-forming ability. The maximum size is limited to rod-shaped specimens with 2 
mm in diameter. The larger-sized specimens cannot be produced to perform mechanical 
tests such of bending or tension modes. Furthermore, it is impossible to induce more 
NiTi because of the low glass-forming ability due to this Ni dissolution into the matrix. 
Thus, the matrix has to be changed to the one which contains Ni, and then the dissolved 
Ni will just form the glass-forming liquid instead of degrading the glass-forming ability. 
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The best glass-former in Ni-containing Mg-based BMG system is Mg69Ni15Gd10Ag6 
(at.%), the critical rod size is 7 mm in diameter [1]. Therefore, this composition is 
chosen as the new matrix.  
5.3 Fabrication process 
The composition for the composite is determined to be (Mg0.69Ni0.15Gd0.10Ag0.06)95Ti5 
(at.%), denoted as Composition A in this chapter. Similar to the fabrication process for 
Mg-Cu-Gd-Ag matrix, firstly, Ni-Ti-Gd ternary precursor consisting of only NiTi and 
Ni-Gd phases is produced by arc-melting, denoted as SC (slow cooling) precursor. Then, 
the temperature of master alloy preparation is kept low enough for NiTi dispersoids not 
to melt or dissolve, but high enough for the Ni-Gd phase to dissolve into the Mg-Ag 
melt, owing to their different reactivities. Moreover, the amounts of Mg-Ag melt and 
dissolved Ni-Gd was properly balanced to form Mg69Ni15Gd10Ag6 (at.%) glass-forming 
matrix. Finally, Mg-based BMGMCs, an Mg-Ni-Gd-Ag BMG matrix with in-situ NiTi 
dispersoids, is fabricated by casting this semi-solid melt into a copper mold. Here, both 
rod-shaped specimens of 2 mm in diameter and rectangular-shaped specimens (3 × 3 × 
25 mm
3
) are fabricated. Here, these BMGMCs are denoted as A-SC BMGMCs (A: 
Composition A; SC: slow cooling). 
5.4 Microstructures of A-SC BMGMCs 
Figure 5.1(a) and (c) show SEM images of the A-SC precursor, revealing dendritic 
precipitates of ~10 μm in average size and 22% in volume fraction, estimated by image 
analysis (Table 5.2). XRD analysis (Fig. 5.1(b)) and elemental mappings (Fig. 5.1(d–g)) 
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taken from Fig. 5.1(c) for Ni, Ti, Gd, and O, confirm the presence of three phases in the 
Ni-Ti-Gd precursors: dendritic B2-NiTi, NiGd, and a small amount of Gd2O3. Figure 5.2 
shows the XRD patterns of the as-cast A-SC specimen and its monolithic counterpart. 
Without Ti doping, the monolithic specimen exhibits the broad scattering of a single 
glassy phase. In contrast, the diffraction pattern of the A-SC specimen exhibits sharp 
peaks, assigned to the B2-NiTi phase, superimposed on the broad diffraction pattern of 
the glassy structure. The composition of the matrix and its nominal value are listed in 
Table 5.3. Apparently, there is no severe composition variation for the matrix of 
Mg-Ni-Gd-Ag, unlike Mg-Cu-Gd-Ag matrix, shown in Table 5.1. Therefore, the 
glass-forming ability of this Mg-Ni-Gd-Ag matrix has been retained. In addition, some 
weak peaks of Gd2O3 are also detected. Figure 5.3(a) shows an SEM image of the base 
alloy. The featureless contrast indicates that a monolithic amorphous structure is 
obtained. Figure 5.3(b) shows SEM images of A-SC BMGMC, revealing the presence 
of both dendritic B2-NiTi dispersoids and Gd2O3 in the glassy matrix. The volume 
fraction (f) of NiTi dispersoids is found to be ~15%. The average size (d) is ~8 μm 
(Table 5.2), almost the same as those of the precursors. Therefore, the NiTi dispersoids 
in the composites are considered to be directly inherited from the precursors. 
Furthermore, once the average size and volume fraction of the secondary phase is 
determined, the inter-particle spacing can be calculated according to [2]: 




 ,                       (5.1) 
thus, the mean inter-particle spacing (λ) is calculated to be ~12 μm for A-SC BMGMCs 
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(Table 5.2). Consequently, the matrix of in-situ B2-NiTi reinforced Mg-based 
BMGMCs has been optimized to Mg-Ni-Gd-Ag, which eliminates the effects of 
dissolved Ni in the matrix to degrade the glass-forming ability. Owing to the low 
volume fraction of Gd2O3 phase, hereafter only the effects of the NiTi dispersoids will 
be discussed.  
5.5 Mechanical properties of A-SC BMGMCs 
  From the compressive true stress-strain curves shown in Fig. 5.4, the monolithic 
BMG fractures just after elastic deformation at ~838 MPa, comparable with the results 
reported in Ref. [1]. However, for A-SC, higher fracture stress (~906 MPa), plastic 
strain (~7%), and work-hardening are observed. Table 5.4 lists the detailed data 
obtained during the compression tests. Fractured specimens are studied to understand 
the reinforcing mechanisms in operation. Figure 5.5(a) and (b) show the SEM images of 
the lateral and fracture surfaces of A-SC after fracture, respectively, revealing multiple 
shear bands, vein patterns, and NiTi dispersoids. The shear bands are considered to be 
obstructed by the in-situ ductile NiTi dispersoids, which deflect their propagation and 
cause branching or multiplying of the shear bands, typically observed in ductile metal 
reinforced BMGMCs [3,4] and is known as the “blocking effect” [5]. Figure 5.6 shows 
the XRD pattern of the fractured A-SC. Both B2-NiTi and B19’-NiTi phases are 
observed, indicating that a stress-induced phase transformation from B2-NiTi to 
B19’-NiTi occurs during deformation, which releases the stress concentration around 
the dispersoids to restrict free volume accumulation. This process hinders the rapid 
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propagation of shear bands, meaning that additional stress is required to move the shear 
bands, called the “TRIP effect”, something that can only be achieved by 
shape-memory-alloy reinforcements [5]. Consequently, the compressive true stress-stain 
curves exhibit plasticity and work-hardening behaviors.  
Figure 5.7 shows the stress-strain curves obtained for A-SC and its monolithic 
counterpart by 4 point bending (4 PB) test using the rectangular-shaped specimens. The 
fracture stress of A-SC (250 MPa) is higher than that of its monolithic glassy 
counterpart (177 MPa), and is increased by 41%. However, flexural plastic deformation 
is not observed. Table 5.4 summarizes the detailed data obtained from the 4 PB tests. 
Many studies have shown that the plastic deformation in BMGs or BMGMCs depends 









    ,                           (5.2) 
where 𝐾𝐼𝐶 and 𝜎𝑦 are the plain-strain fracture toughness and the yield strength of the 
glass matrix, respectively [16-19]. Shear bands can be effectively stabilized against 
developing into cracks by a second phase, and optimum plasticity may be realized when 
the average particle size (d), and the mean inter-particle spacing (λ), are close to Rp, i.e., 
d ≈ λ ≈ Rp [6-10]. However, a relationship between 𝐾𝐼𝐶 and the crack tip open distance 
(CTOD) is established as [11] 
  𝐾𝐼𝐶 = √(𝐶𝑇𝑂𝐷)𝜋𝜎𝑦𝐸 2.7⁄ ,                       (5.3) 
where E is the Young’s modulus and 𝜎𝑦 is the yield strength in tension, which can be 
approximately taken as the Young’s modulus and fracture strength measured during the 
113 
 
4 PB test because the sample fractures before yielding [12,13]. The CTOD for 
Mg-based BMGs is reported to be ~100 nm [13,14], thus the 𝐾𝐼𝐶  of Mg-Ni-Gd-Ag 
BMG matrix is calculated to be ~0.94 MPa•m
-1/2
 by Eq. (5.3), which agrees well with 
the experimental results [12-14]. The characteristic plastic zone size (Rp) calculated by 
Eq. (5.2) is ~1.5 μm, also agreeing well with other studies [14,15]. However, the 
average size (d) and mean inter-particle spacing (λ) of A-SC are ~8 and 12 μm, 
respectively, much larger than the characteristic plastic zone (Rp), ~1.5 μm. Therefore, 
to improve the toughness and ductility of the present BMGMC, more and finer NiTi 
dispersoids are needed to obtain smaller d or λ to achieve the optimum reinforcing 
effects. These contents will be discussed in the next chapter. 
5.6 Summary 
In this chapter, the matrix of in-situ dendritic B2-NiTi shape-memory-alloy 
reinforced Mg-Cu-Gd-Ag BMGMCs have been optimized by changing the matrix to 
Mg-Ni-Gd-Ag to eliminate the effects of Ni in the matrix, which degrades the 
glass-forming ability. The composition for Mg-Ni-Gd-Ag matrix does not change a lot 
compared with the nominal value. The fabricated in-situ B2-NiTi reinforced 
Mg-Ni-Gd-Ag BMGMC (A-SC) shows improved fracture strength, ~906 MPa, and high 
plastic strain, ~6.7%, compared with its monolithic counterpart. The stress-induced 
martensitic transformation of B2-NiTi phase is confirmed and considered to contribute 
to the mechanical properties, similar to Mg-Cu-Gd-Ag matrix counterparts. However, 
the size and inter-particle spacing of NiTi dispersoids are much larger than the 
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processing zone size of the matrix, which should be further optimized to obtain better 








Table 5.1 Composition of the matrix for in-situ B2-NiTi Mg-Cu-Gd-Ag BMGMCs and 
its nominal value. 
 
 
Mg Cu Gd Ag Ni Ti 
Nominal (at.%) 59.5 22.9 11 6.6 0 0 









Table 5.2 Image analysis results for A-SC precursors and A-SC BMGMCs. 
 
 




























Table 5.3 Composition of the matrix for A-SC BMGMCs and its nominal value. 
 
 
Mg Ni Gd Ag Ti 
Nominal (at.%) 69 15 10 6 0 








Table 5.4 Detailed mechanical test results for all BMGMCs (Ec: Young’s modulus in 
compression; σfc: true compressive fracture stress; σyc: true compressive yielding stress; 
εfc: true compressive fracture strain; εpc: true compressive plastic strain; Eb: Young’s 

























Base 67 838 / 1.5 / 43 177 0.4 0.94 












Fig. 5.1 (a) and (c) SEM images, and (b) XRD pattern for A-SC precursor and (d–g) 
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Chapter 6 Microstructure optimization of B2-NiTi 
dispersoids of in-situ B2-NiTi reinforced BMGMCs 
6.1 Background 
In the previous chapter, the matrix of in-situ B2-NiTi reinforced Mg-based BMGMCs 
has been successfully optimized from Mg-Cu-Gd-Ag to Mg-Ni-Gd-Ag system to 
eliminate the effects of Ni in the matrix, which degrades the glass-forming ability of 
Mg-Cu-Gd-Ag matrix. However, the conditions of B2-NiTi reinforcements still need to 
be optimized because the average size (d) and inter-particle spacing (λ) of the NiTi 
dispersoids are much larger than the processing zone size of the matrix (Rp). Thus the 
size of NiTi should be decreased and volume fraction of NiTi should be increased to 
make the microstructure optimal, i.e., d ≈ λ ≈ Rp.   
6.2 Optimization of NiTi dispersoid size 
6.2.1 How to decrease the size of NiTi dispersoids 
Unlike ex-situ BMGMCs, for which the size of the second phase can be easily 
controlled by adding various sized particles, it is difficult to control the size of the 
precipitated second phase for in-situ BMGMCs. Our previous research reported one 
possible method [1]. Increasing the cooling rate of Ti-Cu-Gd alloy was found to 
decrease the size of the precipitated Ti2Cu phase, i.e., a higher cooling rate generates a 
finer microstructure. Similarly, it may be possible to decrease the size of the precipitated 
NiTi phase by increasing the cooling rate of the Ni-Ti-Gd precursor. Therefore, after 
preparing the as-arc-melted Ni-Ti-Gd precursor (SC precursor) of Composition A, i.e., 
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(Mg0.69Ni0.15Gd0.10Ag0.06)95Ti5 (at.%), RC (rapid cooling) precursors are fabricated by 
injecting inductively-remelted SC precursors in a quartz tube into the copper mold that 
has internal rod-shaped cavities of about 50 mm in length and 8, 5 and 3 mm in 
diameter. Obviously, the cooling rate of RC precursor is much higher than that of SC 
precursor and different sized RC precursor rods generate various cooling rates for a 
smaller diameter generates a higher cooling rate, thus to investigate the cooling rate 
effects on the microstructures of NiTi dispersoids. Hereafter, the specimens are denoted 
as, for example, A-RC3 precursor, where A indicates composition A, and RC3 indicates 
rapid cooling precursor rods of 3 mm in diameter. 
6.2.2 Microstructures of A-RC BMGMCs 
  Figure 6.1 shows the SEM images of A-RC8, A-RC5 and A-RC3 precursors with 
different cooling rates owing to their different sizes. Apparently, with a higher cooling 
rate, the size of the NiTi dispersoids decreases from ~10 µm (A-SC precursor) to ~2 µm 
(A-RC3 precursor), while the volume fraction is almost the same because of the 
unchanged composition (Table 6.1). Figure 6.2 shows the XRD patterns of as-cast 
A-RC8, A-RC5, and A-RC3 specimens, which exhibit both a B2-NiTi peak and the 
broad peak of the amorphous matrix, similar to those of A-SC in Fig. 5.2. The SEM 
images of these BMGMCs are shown in Fig. 6.3. Dendritic B2-NiTi is observed among 
the glassy matrix, and the NiTi dispersoids are almost the same size as those in the 





 (mm) for a sample with a cast diameter of R [2,3], the relationship between the 
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average size of the NiTi dispersoids, d, and Ṫ can be illustrated in Fig. 6.4. An apparent 
linear relationship is observed between logd and logṪ, which can be expressed as: 
logd = A - nlogṪ,                            (6.1) 
where A and n are constants. Equation (6.1) can be rewritten as: 
d = BṪ
-n
,                               (6.2) 
where B is a constant. This agrees well with the empirical relation for reported different 
inorganic compounds [4-6]. Many crystalline alloys also show similar power relations 
for cooling-rate dependence of mean grain size [7-10]. Thus, the size of in-situ B2-NiTi 
dispersoids is reasonable and successfully optimized by controlling the cooling rate of 
the precursors. The detailed image analysis results for all precursors and BMGMCs are 
summarized in Table 6.1.  
6.2.3 Mechanical properties of A-RC BMGMCs 
The compressive true stress-stain curves obtained for A-RC8, A-RC5, and A-RC3 are 
shown in Fig. 6.5(a). All BMGMCs show very good plasticity and work hardening. The 
specimen containing finer dispersoids show better mechanical properties, i.e., higher 
fracture strength and larger plastic strain. A-RC3, which contains the finest NiTi (~2 μm, 
very close to Rp ~1.5 μm), shows the best mechanical properties, i.e., 1096 MPa 
fracture strength and 15.5% plastic strain. The detailed results are listed in Table 6.2. 
Here, the volume fraction of NiTi dispersoids is almost the same among all the 
specimens, so the differences in mechanical behavior arise from the differences in the 
size of the NiTi. Figure 6.5(b) shows the relationships between the average NiTi size 
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and the fracture strength and plastic strain during compression. The trends in fracture 
stress and plastic strain appear to be similar, so the higher fracture stress probably 
results from either higher plastic strain or higher fracture strain.   
Hays and co-workers found that the microstructural length scale (e.g., dendrite tip 
radius, arm spacing) and critical mechanical length scales (e.g., shear band width and 
spacing) are related, and affect the mechanical properties of the composite [11]. 
Hofmann et al. used a similar strategy of matching microstructural length scales, which 
are related to the condition of the reinforcing phase, to the characteristic length scale 
(processing zone size) to limit shear band extension, suppress shear band opening, and 
avoid crack development to obtain better ductility [12]. These studies show that the size 
of the reinforcing phase affects the mechanical properties of the resulting BMGMCs, 
but neither discussed this effect in detail.  
Here, a new model for analysis of the size effect is developed. It is well known that 
the ductility of BMG composites arises from the multiple shear banding; the 
deformation is accomplished by the formation of multiple shear bands [13]. Thus, the 
ductility can be assumed to be related to the number of shear bands. Figure 6.6 shows a 
schematic of the deformation in a BMGMC. After the primary shear band is generated 
and it encounters a particle during its propagation, it may be blocked, branched, or 
multiplied. The possibility of its multiplying is assumed to be p and that during one 
multiplication, one shear band generates m shear bands, so after encountering the 1
st
 





During one multiplication, the shear bands propagate for length D, which equals the 
mean free path length of a shear band, i.e., the mean inter-particle spacing λ, plus the 
particle size d, i.e., D = d + λ. This type of multiplication happens again and again when 
the shear bands encounter a 2
nd
 particle and a 3
rd
 particle. However, when the shear 
bands encounter particle n, i.e., the n
th
 multiplication, finally, the shear bands reach the 
other side of the specimen, indicating that the shear bands have propagated across the 
specimen and the specimen is considered to fracture. Therefore, the number of shear 





                            (6.3) 
And n is: 
N = L / D,                             (6.4) 
where L is the length of the shear band path from initiation to its end at the other side of 
the specimen. If the plastic displacement generated by one shear band is t, the total 
displacement is t × N. The plastic displacement can be also calculated as εp × L0, in 
which εp is the plastic strain and L0 is the original specimen length in the stress direction. 
Therefore, the following equation can be obtained: 
 𝑡 × 𝑁 = ε𝑝 × 𝐿0 ,                        (6.5) 





𝐷 = 𝜀𝑝 × 𝐿0,                     (6.6) 
where t, m, L, p, and L0 are all constants for a certain alloy system. Furthermore, it can 






+ 𝐵,                         (6.7) 
where A and B are both constants, indicating that there should be a linear relationship 
between logεp and 1/D. A similar linear relationship between fracture strain ε and λ
-1/2
 
(where λ is the inter-particle spacing) is also found by Jang et al. [14].  
  The value of 1/D can be calculated from the data in Table 6.1, and logεp can be 
calculated from the data in Table 6.2. Figure 6.7(a) shows the calculated results and 
fitting line. A linear relationship is obviously established between logεp and 1/D, 
indicating that our model is applicable in the present study. This model is also used to 
analyze various other BMGMCs, including La- and Zr-based BMGMCs [15-17], as 
shown in Fig. 6.7(b). Very good linear fits can be observed for all data. For the 
Mg-based and La-based BMGMCs [15,17], d or λ is larger than the plastic zone size Rp, 
so with larger 1/D, i.e., smaller d or λ closer to Rp, a higher plastic strain is obtained and 
the slope of the fitting line is positive. However, for the Zr-based BMGMCs [16], d or λ 
is smaller than Rp, so with smaller 1/D, i.e., larger d or λ closer to Rp, a higher plastic 
strain is obtained and the slope of the fitting line is negative. These explanations for the 
differences in slope are in agreement with the analysis given in Refs. [16,17]. Thus, the 
present new model explains the effects of particle size on the plasticity of BMGMCs, 
namely that there is a linear relationship between logεp and 1/D, where εp is the plastic 
strain and D is the sum of the average particle size (d) and mean inter-particle spacing 
(λ).  
Figure 6.8(a) shows the stress-stain curves of A-RC8, A-RC5, and A-RC3 measured 
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by the 4 PB test. The fracture stress increases by 37% from 270 MPa (A-RC8) to 370 
MPa (A-RC3) with refinement of the dispersoid size. However, no plasticity is observed 
during bending. The detailed results of the 4 PB tests are summarized in Table 6.2. As 
discussed in the previous chapter, the fracture toughness can be calculated by: 
𝐾𝐼𝐶 = √(𝐶𝑇𝑂𝐷)𝜋𝜎𝑦𝐸 2.7⁄ ,                         (6.8) 
the calculated fracture toughness and fracture strength are plotted versus particle size in 
Fig. 6.8(b). The dependence of fracture toughness on particle size is almost the same as 
that of fracture strength, indicating that the toughness of the BMGMCs increases when 
the size of the reinforcing phase became closer to that of the plastic zone size Rp, 
resulting in higher fracture strength and fracture strain. 
Figure 6.9 shows the fracture surfaces of A-RC3 after the 4 PB test. The compression 
side and tension side appear to be completely different. The sequence of fractographic 
evolution from the tension side to the compression side is a hackle zone, a mixture zone, 
and a dimple-like structure zone, indicating that the cracks propagate quickly under 
tensile stress and local separation occurs at damage cavities along the extension of the 
crack plane. At the same time, the other side is under compressive stress; the resulting 
dimple-like structure is always observed for Mg-based BMGs under compression 
[18,19]. These dimples may have been formed via the damaged microvoids that 
nucleated and coalesced continuously during the fracture propagation, which is 
considered to be related to local plastic flow. This type of fracture morphology is in 
good agreement with that observed in other studies [20,21]. The NiTi dispersoids are 
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also found on the fracture surface, indicating the presence of interactions between the 
particles and the matrix. The voids on the surface are considered to be the positions of 
NiTi, which have been split to the other fracture surface, effectively prohibiting the 
rapid propagation of the crack and increased the fracture strength during bending. 
However, the mean inter-particle spacing for A-RC3, which has the finest particles, is 
~3 μm, still twice as large as Rp (~1.5 μm), because of the low volume fraction of NiTi. 
Thus, macroscopic plasticity is not obtained. Therefore, a larger amount of NiTi 
dispersoids is required. 
6.3 Optimization of NiTi dispersoid volume fraction 
6.3.1 How to increase the volume fraction of NiTi dispersoids 
Many studies have shown that for in-situ BMGMCs, the volume fraction of 
precipitated phases can be controlled by adjusting their composition [15,22]. Therefore, 
the volume fraction of NiTi dispersoids may be also increased by simply doping more 
Ti. Thus, the amount of doped Ti is doubled from 5 to 10 at.%, consequently changing 
the sample composition to (Mg0.69Ni0.15Gd0.10Ag0.06)90Ti10 (at.%). Figure 6.10(a) shows 
an SEM image of the as-arc-melted Ni-Ti-Gd precursor of this composition. Besides 
NiTi and NiGd phases, a Ti2Ni phase (Ti-rich phase) is also precipitated, indicating that 
the amount of Ni is not sufficient to form only NiGd and NiTi phases. However, adding 
too much Ni may change the composition of the matrix and thereby degrade its glass 
forming ability, and the Ni-rich Ni-Ti phase may also precipitate. Thus, an optimum Ni 
amount must be found. Figure 6.10(b) shows an SEM image of the as-arc-melted 
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Ni-Ti-Gd precursor of (Mg0.69Ni0.15Gd0.10Ag0.06)88Ni2Ti10 (at.%), 2 at.% more Ni than 
the first attempt (Fig. 6.10(a)). Even though both NiTi and Ti2Ni are formed, more NiTi 
and less Ti2Ni than that observed in the first sample can be seen. Therefore, the amount 
of Ni is constituted to increase in discrete steps of 2 at.%. Figure 6.10(c) shows an SEM 
image of the as-arc-melted precursor with a composition of 
(Mg0.69Ni0.15Gd0.10Ag0.06)86Ni4Ti10 (at.%). In this sample, only NiTi phase is precipitated 
and no other Ni-Ti phases are detected. Thus, this final composition is confirmed to be 
(Mg0.69Ni0.15Gd0.10Ag0.06)86Ni4Ti10 (at.%), hereby denoted as Composition B. Because 
the effects of the precursor cooling rate on the size of the NiTi dispersoids are discussed 
in the previous section, here only a 3-mm precursor rod, which exhibits the highest 
cooling rate and finest NiTi size, is produced, denoted as B-RC3 precursor.  
6.3.2 Microstructures of B-RC3 BMGMCs 
Figure 6.11(a) and (b) show SEM images of the B-RC3 precursor at different 
magnifications. The average size of the NiTi dispersoids is found to be ~2 µm, the same 
as those of the A-RC3 precursors because of the similar cooling rate, but the volume 
fraction of NiTi (~53%) is about twice to that of the A-RC3 precursor owing to the 
doubled Ti addition. The XRD pattern (inset) and SEM image of the B-RC3 specimen 
are shown in Fig. 6.12(a). The elemental mappings of Mg, Ni, Gd, Ag, and Ti taken 
from Fig. 6.12(a) are shown in Fig. 6.12(b–f). The presence of both glassy matrix and 
dendritic B2-NiTi dispersoids are confirmed from these results, similar to those of the 
composition A-BMGMCs in the previous part. The average NiTi size is ~2 μm, similar 
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to that of A-RC3, and the volume fraction is ~32%, higher than that of A-RC3. The 
detailed image analysis results are summarized in Table 6.1. Thus, the volume fraction 
of NiTi dispersoids is successfully increased by adjusting the sample composition. 
6.3.3 Mechanical properties of B-RC3 BMGMCs 
Figure 6.13 shows the compressive true stress-strain curve of B-RC3 BMGMC, 
revealing both plasticity and work-hardening. The composite shows very high fracture 
stress and fracture strain, 1212 MPa and 25.3%, respectively, an increase of 11% and 45% 
compared with those of A-RC3. The detailed results of the compression tests are 
summarized in Table 6.2. Using the model developed in the previous part, logεp = A/D 
+ B, the calculated plastic strain for B-RC3 is ~21%, which is in good agreement with 
the experimentally observed ~23%. As discussed above, when the average size of 
second phase (d) and the mean inter-particle spacing (λ) are almost the same as the size 
of the characteristic plastic zone (Rp), i.e., d ≈ λ ≈ Rp, optimum microstructure and 
plasticity of the composites can be obtained. Even though the d of A-RC3 and B-RC3 
are almost the same, the λ of B-RC3 is ~30% closer to Rp, which results in a 
substantially stronger interaction between shear bands and dendrites, leading to more 
obvious work-hardening and better plasticity for B-RC3.  
Figure 6.14 summarizes the compressive property data of various in-situ Mg-based 
BMGMCs, including Fe, long-period-order-structure (LPOS) Mg phase, NiZr, AgMg, 
and quasicrystal reinforced composites [22-26]. Both the fracture strength and fracture 
strain of the present B-RC3 are the highest among all in-situ Mg-based BMGMCs 
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reported to date. However, the limited glass-forming ability of the matrix and low 
castability of the composite cause the failure to produce a bending specimen for B-RC3. 
Moreover, the volume fraction of NiTi in B-RC3 is still not the best because when d ≈ λ 
≈ Rp, the optimum volume fraction is calculated to be ~52%. The BMGMCs with more 
NiTi are tried to produce by adding more Ti, but some precursor pieces remain during 
preparation of the master alloy. The reason for this phenomenon may be that a 
continuous NiTi structure formed instead of individual NiTi particles during the reaction 
owing to the high volume fraction of NiTi in the precursor.  
6.4 Summary  
In this chapter, the size of NiTi dispersoids has been optimized by increasing the 
cooling rate of Ni-Ti-Gd precursor and the volume fraction of NiTi dispersoids has been 
optimized by adjusting the composite composition. The optimized average size and 
inter-particle spacing of NiTi dispersoids are very close to the processing zone size of 
the matrix, thus stabilizing the shear bands to develop into cracks and improving the 
interactions between the matrix and the dispersoids. The best plasticity obtained is 







Table 6.1 Image analysis results for all precursors and BMGMCs. 
 
 


















A-RC8 23 6 16 4 6 
A-RC5 24 4 16 3 5 
A-RC3 26 2 17 2 3 








Table 6.2 Detailed mechanical test results for all BMGMCs (Ec: Young’s modulus in 
compression; σfc: true compressive fracture stress; σyc: true compressive yielding stress; 
εfc: true compressive fracture strain; εpc: true compressive plastic strain; Eb: Young’s 

























A-RC8 62 980 770 9.4 7.8 46 270 0.6 1.2 
A-RC5 60 1049 800 13.4 11.6 45 327 0.7 1.31 
A-RC3 62 1096 780 17.5 15.5 45 370 0.8 1.39 











































Fig. 6.5 (a) True stress-strain curves for (i) A-RC8, (ii) A-RC5, and (iii) A-RC3 
BMGMCs by compression; (b) relationships between average size of NiTi and true 































































































































































































































































































































































































































































































































Fig. 6.7 Experimental data and linear fit for logεp vs.1/D for (a) NiTi reinforced 
Mg-based BMGMCs in the present study; (b) α-La reinforced La-based, β-Zr reinforced 







Fig. 6.8 (a) Stress-strain curves for A-RC8, A-RC5, and A-RC3 measured by 4 PB test; 















Fig. 6.10 SEM images of as-arc-melted Ni-Ti-Gd precursors of (a) 















Fig. 6.12 (a) XRD patterns (inset) and SEM images of B-RC3; (b–f) elemental mapping 
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Chapter 7 Conclusions 
In this thesis, various NiTi shape-memory-alloy reinforced Mg-based bulk metallic 
glass matrix composites (BMGMCs) have been designed and fabricated, including both 
ex-situ porous NiTi reinforced and in-situ dendritic NiTi reinforced BMGMCs. The 
microstructures of these BMGMCs have been further optimized to improve the 
mechanical properties, such as adjusting the volume fraction of ex-situ porous NiTi 
particles, the size and volume fraction of in-situ NiTi phase as well as the Mg-based 
matrix. The detailed conclusions are as follows: 
 Chapter 3: The porous NiTi shape-memory-alloy particles have been fabricated and 
induced into a Mg-Cu-Gd-Ag glassy matrix. This ex-situ porous NiTi reinforced 
Mg-based BMGMCs shows improved plasticity and fracture strength, better than 
the conventional dense or porous metal particle reinforced Mg-based BMGMCs. 
The best plasticity obtained is ~11% with 20 vol.% porous NiTi particle addition. 
The ductility and phase transformation behavior of NiTi particles as well as the 
porous structure of them, which generates very fine-scale local microstructures, are 
considered to contribute to the plasticity and work-hardening behavior. 
 Chapter 4: A novel fabrication process has been designed to produce the in-situ 
dendritic B2-NiTi reinforced Mg-based BMGMCs. The in-situ BMGMCs show 
very high plasticity and strength, as well as work-hardening, better than the 
conventional in-situ Ti reinforced counterparts with similar size and volume 
fraction of secondary phase. The stress-induced phase transformation during 
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deformation is considered to induce the volume change and compressive stress field 
around the NiTi dispersoids to further release the stress concentration and hinder 
the initiation and propagation of cracks.  
 Chapter 5: The matrix of in-situ B2-NiTi reinforced Mg-Cu-Gd-Ag BMGMCs have 
been optimized by changing the matrix to Mg-Ni-Gd-Ag to eliminate the effects of 
Ni in the matrix, which degrades the glass-forming ability. The fabricated in-situ 
B2-NiTi reinforced Mg-Ni-Gd-Ag BMGMC (A-SC) shows improved fracture 
strength, ~906 MPa, and high plastic strain, ~6.7%, compared with its monolithic 
counterpart. The stress-induced martensitic transformation of B2-NiTi phase is 
confirmed and considered to contribute to the mechanical properties, similar to 
Mg-Cu-Gd-Ag matrix counterparts. However, the size and inter-particle spacing of 
NiTi dispersoids are much larger than the processing zone size of the matrix, which 
should be further optimized to obtain better mechanical properties.   
 Chapter 6: The size of NiTi dispersoids has been optimized by increasing the 
cooling rate of Ni-Ti-Gd precursor and the volume fraction of NiTi dispersoids has 
been optimized by adjusting the composite composition. The optimized average 
size and inter-particle spacing of NiTi dispersoids are very close to the processing 
zone size of the matrix, thus stabilizing the shear bands to develop into cracks and 
improving the interactions between the matrix and the dispersoids. The best 
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